In this chapter, the diffusion behavior and microstructure evolution of Cu/Ta/GaAs multilayers after thermal annealing are investigated and the mechanism is proposed.
demonstrated excellent thermal stability after thermal stress. 26, 27 In this paper, we extend the previous work to characterize the diffusion behavior and microstructure evolution of the Cu/Ta/GaAs structure with thermal annealing.
Experimental procedure
Before metal film deposition, the backside of 3 in. GaAs(100) substrates was deposited with 100 nm Si 3 N 4 to avoid outdiffusion of As during the annealing process.
The substrates were then cleaned with boiling acetone and isopropyl alochol for 5 min, min. The metal films were deposited by sputtering in a multi target dc magnetron sputtering system. A tantalum film of 30 nm thickness was first sputtered on top of the GaAs substrate, then a 100 nm Cu film and a 10 nm tantalum nitride film were subsequently sputtered on top of the Ta film without breaking the vaccum. Note that for the test samples, a top tantalum nitride (10 nm) layer was deposited on the surface of Cu to protect the copper layer from oxidation. The samples were annealed for 30 min at temperatures ranging from 400 to 600 °C in argon ambient. The sheet resistances of the samples were measured using a four-point probe to investigate the overall reaction involving Cu. X-ray diffraction analysis (XRD) and Auger electron spectroscopy (AES) were used to identify the phases of the reaction products and the interfacial reactions between different layers. Microstructural characterization was carried out using cross-sectional trasmission electron microscopy (TEM) with electron diffraction for phase identification, and X-ray energy dispersive spectroscopy (EDS) for microanalysis of the chemical compositions. High-resolution trasmission electron microscopy (HRTEM) was used to observe the lattice image of selected areas on the atomic scale, and the fast Fourier transformation (FFT) of the lattice images was used to identify the crystal structure patterns of the corresponding areas. annealing and dropped to 0.240 Ω/□ after 500 °C annealing, which is apparently due to the grain growth and decrease in defect density in the Cu and Ta films after annealing. The sheet resistance increased slightly after annealing at 550 °C to 0.330 Ω/□, which implies that diffusion and/or the emergence of a more resistive compound might have occurred. After annealing at 600 °C, the sheet resistance markedly increased to 5.5 Ω/□, suggesting that a severe inter diffusion occurred between the layers.
Results and Discussion
To clearly understand the correlation between the sheet resistance and the microstructure formed, XRD and TEM were used to identify the phases and observe the microstructures formed. The peaks of Ta can be indexed as (002) and (004) of β-Ta. From the XRD data, it is clear that the peaks of Ta and Cu almost remain unchanged after 500 °C annealing, suggesting that the Cu/Ta/GaAs structure is still stable up to 500 °C. After annealing at 550 °C, additional peaks with peak overlap were found, these peaks were identified as TaAs 2 and Cu 3 Ga peaks. Formation of the phases of TaAs 2 and Cu 3 Ga implies that inter diffusion occurred in the multilayer structure after annealing at 550 °C. It is consistent with the increase in sheet resistance after annealing at 550 °C. However, after annealing at 600 °C, the peaks of Cu and Ta disappeared, and peaks identified as TaAs and Cu 3 Ga compound appeared, implying that significant inter diffusion reactions occurred among these layers. These results explain the marked increase in sheet resistance after annealing at 600 °C. As can be seen from Fig. 4 .2, the Ta 2 N peak at 38.6 o can be found from all the annealed samples except for the 600 °C-annealed one, suggesting that the Ta 2 N protective layer on the top of the Cu layer was ineffective at 600 °C.
Additional evidence showing the stability of the multilayer structure after annealing at 500 °C can be obtained from the AES depth profiles in Fig. 4 .3. As can be seen from these figures, the distribution of the elements in the deposited films remained almost unchanged after annealing at 500 °C; however, annealing at higher temperatures (above 550 and 600 °C) results in severe redistribution of all the elements in the multilayer. Ta and Cu can also be found. This oxidation layer is often observed when Ta and Cu are thin enough, probably owing to the oxidation of Ta film when the TEM specimen was exposed to air for more than a few days. Such a TaO x layer was also formed in the Cu/Ta/SiO 2 /Si structure as reported by Yin et al. 28, 29 In Fig. 4 .5, after annealing at 500 °C, grain growth of the Cu and Ta occurred, and there was no evidence of intermixing of the Cu and Ta with the GaAs substrate. The Ta grains were in a columnar structure perpendicular to the GaAs substrate. The Cu grains were large enough to span the space between Ta 2 N and Ta layers.
The microstructure of the sample annealed at 550 °C is shown in Fig. 4 .6. It is found that some extra compounds with triangle and semi sphere shapes formed on both sides of the Ta layer. A detailed examination shows that these compounds are TaAs 2 and Cu 3 Ga. Figure 4 .6(a) shows the microstructure around the Ta interfaces.
The particle with a triangle shape is located beneath the Ta layer, while a bumped particle is on top of the Ta. showed that a 100-nm-thick Ta layer on GaAs annealed for 1 h had only a slight interaction at 600 °C, while after 650 °C annealing, the film fully reacted to form a Ta 
